In the United States, generic substitution of levothyroxine (L-T 4 ) by pharmacists is permitted if the formulations are deemed to be bioequivalent by the Federal Drug Administration, but there is widespread concern that the pharmacokinetic standard used is too insensitive.
H
ypothyroidism has been estimated to affect Ͼ10 million Americans over the age of 12 years (1). Although the condition is less common in the young, infants and children comprise a particularly vulnerable population because of the critical role of thyroid hormone in growth and brain development (2) . Like in adult hypothyroid patients in whom even minor deviations in thyroid hormone equilibrium have been associated with adverse effects on a variety of target organs (3), including bone (4, 5) , lipids (6 -10) , the heart (9, 11) and neurocognition (12, 13) , precise titration of levothyroxine (L-T 4 ) replacement is important in infants and children. For example, in babies with severe congenital hypothyroidism (CH), an increase in the recommended starting L-T 4 dose from 6 -8 g/kg/d to 10 -15 g/kg/d has been associated with a significant improvement in cognitive outcome (14 -16) , and even mild maternal thyroid dysfunction during pregnancy has been related to a decrement in intellectual and motor development of the offspring (17, 18) . As a result, in clinical practice, often the dose is adjusted by increments of 10% or less to keep the serum TSH concentration within the therapeutic range.
In the United States, multiple branded and generic formulations of L-T 4 are available for use, and whether or not they can be substituted without retitration is a matter of great controversy (19 -24) . The Federal Drug Administration (FDA) determines bioequivalence on the basis of pharmacokinetic parameters (area under the curve and maximum T 4 concentration) in euthyroid adult volunteers who are administered a supraphysiological dose (600 g) of the test L-T 4 formulation. Results are compared with 1 of 4 reference preparations (Unithroid, Levoxyl, Synthroid, or Levothroid). If the 90% confidence interval of the difference in area under the curve and maximum T 4 concentration falls between 80% and 125% of the reference formulation, products are considered to be bioequivalent and therefore therapeutically equivalent and interchangeable (AB rated). Although this pharmacokinetic paradigm may be appropriate for comparing formulations of many classes of drugs, a large body of evidence suggests that it is too insensitive to assess therapeutic equivalence for L-T 4 because it ignores effects on serum TSH concentration and the contribution of endogenous T 4 production. The relation between the serum concentration of T 4 and TSH is log-linear such that small changes in the serum free T 4 concentration result in much larger changes in the TSH level (25) , and in hypothyroid adults, the administration of just 25 g L-T 4 less than optimal results in a significant elevation in the serum TSH concentration in most subjects but no change in either the circulating free T 4 or free T 3 level (26) . Similarly, in a pharmacokinetic study of 36 normal volunteers, Blakesley et al (27) have demonstrated that when current FDA methodology is used and no baseline correction is made for the endogenous T 4 pool, a difference as large as 25%-33% of the administered dose would not be detected, and even after baseline correction, a difference of 12.5% would not be identified.
Despite widespread concern about the validity of current FDA methodology in determining L-T 4 bioequivalence, there is a paucity of clinical data in which this question has been assessed directly in patients, and those results that have been obtained are conflicting and controversial. A commonly cited pharmacokinetic study that purported to demonstrate bioequivalence between generic and branded preparations (28) has been soundly criticized because of multiple flaws in both methodology and execution (29) . Similarly, in another study of 31 hypothyroid adult patients, the severity of the initial hypothyroidism was not described (30) . Thus, the failure to demonstrate a difference between a single branded and a single generic preparation might have been due to the contribution of endogenous L-T 4 . In contrast, in a recent pharmacovigilance study conducted by the American Thyroid Association, The Endocrine Society, and the American Association of Clinical Endocrinology, 177 adverse events attributable to changes in TSH values were reported in patients after their L-T 4 products were switched from brand to generic formulations, often by pharmacists without the clinicians' knowledge (31) . There have been no prospective randomized controlled trials in patients with little endogenous thyroid hormone production and none in small children, a particularly vulnerable population. The present study was performed to compare the bioequivalence of a single branded L-T 4 product (Synthroid) and a generic formulation (Sandoz, Princeton, NJ) that is considered by the FDA to be interchangeable in a group of children with severe hypothyroidism.
Patients and Methods

Patients
We identified children and adolescents with severe hypothyroidism seen in the Endocrine Program at Boston Children's Hospital between November 2006 and March 2010 by reviewing International Classification of Disease codes for congenital and acquired hypothyroidism and by referral from other endocrinologists. The study was also listed on ClinicalTrials.gov (NCT00403390). For inclusion into the study, patients had to fulfill the following criteria: (1) age 3 to 18 years, (2) serum TSH Ͼ100 mU/L at the time of diagnosis, (3) normal serum TSH concentration for age within 4 weeks of the initial study visit, and (4) willingness and ability of family to comply with study design. Subjects were excluded if they had gastrointestinal disease that might affect L-T 4 absorption or were being treated with a medication known to interfere with L-T 4 absorption or action (eg, glucocorticoids or anticonvulsants). Of 34 patients who were initially randomized, 1 patient did not attend any clinic visits, and so no data were available for him. Two additional randomized patients were excluded from the analysis because their serum TSH concentration at study entry was elevated (9.4 and 20 mU/L, respectively), and thus they did not meet entry criteria. Subsequent noncompliance (2 patients) or incomplete data (2 patients) was not considered to be exclusion criteria according to the intention-to-treat model. Of the 31 patients whose data were analyzed, 20 children had CH and 11 patients had acquired hypothyroidism. The study was approved by the Boston Children's Hospital Committee on Clinical Investigation; informed consent was obtained in all cases from the parent, and assent was obtained from all children Ͼ7 years of age.
Study design
This was a 16-week, open-label, randomized, controlled, crossover trial in which subjects were randomly assigned to receive their usual L-T 4 replacement dose as either Synthroid or generic (Sandoz) for 8 weeks sequentially. To assign treatment arms, we used permutated block randomization with random block sizes of 2, 4, or 6. Sixteen patients were randomized to receive brand-name L-T 4 first, while 18 subjects were randomized to receive generic first. All 3 excluded patients had been randomized to the former group, leaving 13 subjects (7 CH, 6 acquired hypothyroidism) who received Synthroid first and 18 (13 CH, 5 acquired hypothyroidism) who received generic first. Patients were seen at baseline (week 0, visit 1), 8 weeks (visit 2), and 16 weeks (visit 3) in the Clinical and Translational Studies Unit at Boston Children's Hospital ( Figure 1 ). Patients were instructed to take their L-T 4 with water in the morning in a fasting state and to have nothing to eat for 30 minutes. If they missed a dose, they were told to double their dose the next day. All other medications and supplements were to be given at a different time of the day with particular emphasis on avoidance of soy and iron, because these are known to affect thyroid hormone absorption. To minimize the potential influence of diurnal variation in serum TSH concentration, blood was obtained at the same time of day Ϯ2 hours, corresponding to within 2 to 8 hours after the daily dose of hormone. All medication was dispensed through the research pharmacy in 25-g tablets. Because of the time required to recruit an adequate sample of patients, a total of 12 lots of the Sandoz formulation and 7 lots of Synthroid were used to avoid expiration. Compliance was assessed by pill counts and patient/ parent recall at each visit. In addition, parents were contacted either by phone or email between visits to review progress and answer questions.
The primary endpoint was a difference in the serum TSH concentration after each 8-week treatment period with branded vs generic formulation. Secondary endpoints were the serum concentration of free T 4 and total T 3 .
Hormone assays
Samples were stored at Ϫ20°C until study completion, and all assays were performed without knowledge of the patient group in duplicate in the same batch. TSH was measured by a thirdgeneration chemiluminescent immunoassay (Access, hypersensitive human TSH; Beckman Coulter, Fullerton, CA). The functional sensitivity of this assay is 0.015 mU/L; the intra-assay coefficient of variation (CV) is 3.1% at 1 mU/L and 2.5% at 28.6 mU/L. The nonparametric range of human TSH concentration with this assay in presumably normal adult patients is 0.34 to 5.6 mU/L. Free T 4 and total T 3 levels were measured by electrochemiluminescence immunoassays (Roche Diagnostics, Mannheim, Germany). The analytical sensitivity of the free T 4 assay is 0.023 ng/dL with an intra-assay CV of 1.8% at 1.3 ng/dL and 2.0% at 2.7 ng/dL; the analytical sensitivity of the total T 3 assay is 1.95 ng/dL with an intra-assay CV of 3.6% at 7.9 ng/dL and 4.2% at 18.7 ng/dL. The normal range for free T 4 in adult subjects with this assay is 0.93 to 1.7 ng/dL; the normal range for total T 3 in adult subjects with this assay is 80 to 200 ng/dL. Normal ranges for these analytes vary with age and are provided in Tables 1 and 2 .
Statistical analysis
The primary analysis included all 31 randomized patients whose baseline assessment was normal, based on an intentionto-treat principle. For normally distributed variables, we used a two-tailed Student's t test, paired or unpaired as appropriate, to assess the significance of the difference between groups; results are expressed as means Ϯ SEM. For analysis of the serum TSH c n ϭ 15.
d Serum or filter paper value at the time of newborn screening. In most cases, the precise value for TSH was not further quantitated.
e n ϭ 9.
concentration, which exhibited a skewed distribution, we used the Wilcoxon signed rank test for paired comparisons and the rank sum test for unpaired comparisons; results are reported as median (minimum-maximum). Subjects with incomplete data were excluded from paired analyses. We employed Pearson's r to assess the correlation between variables and regression analysis to adjust the paired t test for covariates. We used Fisher's exact test and Pearson's 2 test to assess distribution of categorical variables with 2 and 3 possible values across randomization groups. A P value Ͻ.05 was considered to be significant. All statistical analyses were performed using IBM SPSS version 19.0 (IBM, Armonk, NY) and SAS version 9.2 (Cary, NC).
Power analysis, based on pilot data in patients taking L-T 4 for thyroiditis, indicated that 23 subjects would provide 80% power to detect a 40% difference between TSH levels on the two drugs, using a critical significance level of P ϭ .05. In the pilot data, a 40% difference corresponded to 1 mU/L.
Results
Clinical characteristics at diagnosis
The clinical characteristics of the 31 patients at diagnosis are summarized in Table 1 . The patients with CH, detected by newborn screening, were diagnosed at 4.3 Ϯ 0.6 days of life, and the male to female ratio in them was 1:1.2. Their serum or filter paper total T 4 concentration was 6.2 Ϯ 0.9 g/dL (mean Ϯ SEM), and their median serum or filter paper TSH concentration was Ͼ200 mU/L (range 100 -563 mU/L), although in many cases, the precise concentration was not determined. Of the 20 children with CH, 16 had thyroid imaging (ultrasonography or 123 I uptake and scan) performed either at the time of diagnosis or at study entry. In 15 patients, the etiology of the CH was thyroid dysgenesis (12 agenesis, 2 dysgenesis with ectopia, 1 severe hypoplasia with unilateral agenesis), and in 1 subject, a normal-appearing thyroid gland was found. In the remaining 4 CH patients, the etiology was not determined.
The patients with acquired hypothyroidism were diagnosed at 10 Ϯ 0.8 years of age and the male to female ratio in them was 1:10. Their total T 4 concentration at diagnosis was 1.4 Ϯ 0.3 g/dL (mean Ϯ SEM), and their median serum TSH concentration was 254 mU/L (range 100-1000 mU/L). All patients with acquired hypothyroidism had positive thyroid peroxidase and/or thyroglobulin antibodies, consistent with a diagnosis of chronic lymphocytic thyroiditis.
Clinical characteristics of randomized groups
Patients randomized to receive brand-name vs generic L-T 4 first were well matched in terms of gender, diagnosis, age at study, free T 4 , TSH, and L-T 4 dose ( Table 2) .
Clinical characteristics at study entry
At study entry (visit 1), all patients were well controlled on their current dose of thyroid replacement (TSH concentration 1.71 mU/L [range 0.2-5.3 mU/L], free T 4 concentration 1.5 Ϯ 0.04 ng/dL, total T 3 139.2 Ϯ 5.2 ng/dL) and, as indicated in Table 3 , there was no significant difference between patients with CH and acquired hypothyroidism. Sixteen patients were receiving Synthroid while the remaining 15 patients were on another L-T 4 product (6 Levoxyl, 9 generic). Patients with CH were significantly younger than those with acquired hypothyroidism (8.4 Ϯ . In 2 patients, documented by pill count to be noncompliant while on generic L-T 4 , the serum TSH concentration was 17.8 and 9.4 mU/L. Reanalysis of the data excluding these 2 noncompliant patients yielded similar results: median within-subject difference in the serum TSH on brandname vs generic formulation was 0.9 (Ϫ1.4 to 4.4) mU/L (P ϭ .006). Again, the difference was significant in CH patients (P ϭ .001) but not in those with acquired hypothyroidism (P Ͼ .99). The 16 patients who had been treated previously with Synthroid showed no significant difference in the serum TSH concentration between study entry (1.6 [0.3-3.8] mU/L) and after 8 weeks of Synthroid (0.9 [0.05-4.5] mU/L; the median within-subject difference was Ϫ0.5 [Ϫ3.3 to 2.5] mU/L, P ϭ .08). The significant within-subject difference in TSH concentration on brand-name as compared with generic formulation was corroborated by paired t test (1.8 Ϯ 0.7 mU/L, P ϭ .015), and covariate adjustment indicated that the difference was not explained by age (P ϭ .76) or order of administration of Synthroid vs generic formulation (P ϭ Ϫ.54).
Free T 4 and total T 3
The serum free T 4 concentration was slightly higher after 8 weeks of Synthroid (1.6 Ϯ 0.1 ng/dL) as compared with generic L-T 4 in the group overall (1.5 Ϯ 0.1 ng/dL), but the mean within-subject difference was not statistically significant (Ϫ0.07 Ϯ 0.05 ng/dL, P ϭ .15; Figure 2 ). Similar results were observed when CH patients and those with acquired hypothyroidism were analyzed separately. There was no difference in the mean total T 3 concentration after brand-name (143 Ϯ 5 ng/dL) vs generic formulation (142 Ϯ 5 ng/dL); the mean within-subject difference was Ϫ1 Ϯ 4 ng/dL (P ϭ .90).
Free T 4 :TSH and total T 3 :TSH
There was no difference in either the free T 4 :TSH ratio (Figure 3 ) or the free T 3 :TSH ratio (not pictured) between patients with CH and acquired hypothyroidism at study entry.
Discussion
Despite widespread criticism that the pharmacokinetic endpoint used by the FDA might be too insensitive to detect small but significant differences between branded and generic formulations of L-T 4 , no randomized controlled studies to date have substantiated this concern. The importance of the present study is the demonstration that, in children with severe hypothyroidism who have little if any thyroid hormone reserve, there is a significant difference in the serum TSH concentration after 8 weeks of a brandname vs a generic L-T 4 formulation that is considered by the FDA to be bioequivalent. We purposely compared Synthroid and the generic levothyroxine produced by Sandoz because these formulations have an AB rating, ie, are considered by the FDA to be interchangeable. The difference in circulating thyroid hormone and TSH might have been even greater had we compared BX-rated generic formulations (ie, those in which bioequivalence has not been demonstrated), which are commonly substituted by pharmacists. It is also likely that the difference between brandname and generic formulations is greater in the clinical setting than under highly controlled research conditions such as those employed in the present study, particularly in infants with CH who are the most at risk. Because infants feed frequently, it is often not possible to administer L-T 4 in a fasting state (32) , thereby magnifying potential differences in dissolution properties between L-T 4 formulations (22) .
It was of interest that the patients with CH required significantly more L-T 4 to control their hypothyroidism. We considered the possibility that this difference might have been due to their younger age, because younger children have a higher metabolic rate and are known to require a relatively higher L-T 4 dose per kilogram body weight (2) . Indeed, we observed a relation between age and L-T 4 dose, but there was no relation between age and serum TSH concentration after brand-name vs generic L-T 4 . We next considered the possibility that the reason for the differential response to L-T 4 formulation in patients with CH vs acquired hypothyroidism might have been relative pituitary resistance to thyroid hormone, a phenomenon that has been described in some patients with CH (33) (34) (35) . However, the free T 4 :TSH and total T 3 :TSH ratios were normal in the CH patients ( Figure 3 ) and there was no difference between groups. Also, thyroid hormone resistance in CH patients tends to be self-limited and is not usually observed at the age of our patients (35) .
A third and more likely reason for our results was therefore diminished thyroid hormone reserve in the patients with CH (36) . In support of this possibility, most of the patients with CH had athyreosis or severe thyroid dysgenesis on imaging, and as noted above, patients with CH required a higher L-T 4 dose for control of their hypothyroidism, consistent with findings in adults with severe hypothyroidism (36) . Unfortunately, we could not compare the severity of the initial hypothyroidism directly because patients with CH were diagnosed within the first week of life, a time at which a significant fraction of the measured hormone is maternal in origin (37) . In addition, the serum TSH concentration was not quantitated by serial dilution in many patients at the time of newborn screening, limiting our ability to determine more accurately the severity of the initial hypothyroidism. If our thesis is correct, however, our results may have important implications for severely hypothyroid patients of all ages particularly those in whom precise titration of the serum TSH concentration is required, such as individuals with thyroid carcinoma after thyroid ablation (38, 39) and the elderly (11). In contrast, for patients with milder forms of disease and more thyroid reserve, it may be less important whether brand-name or generic is prescribed.
We could not study infants and children Ͻ3 yr of age, the most vulnerable population in childhood, for ethical reasons, but one might anticipate that the difference in serum TSH concentration between L-T 4 formulations might be even greater in them because their TSH:T 4 ratio is higher than in older children and adults (35) . Because of the critical role of thyroid hormone in brain development in the first 3 years of life, frequent monitoring is recommended for precise titration of the serum T 4 and TSH concentrations (40, 41) . The present study demonstrates that substitution of the L-T 4 formulation may be a further cause of variability in results and may contribute to the need for even more frequent testing. Additional studies are needed to determine the pathophysiological consequences of these changes.
Our study had several limitations. Because of the duration of time required to recruit a sufficient number of subjects, several different lots of both Synthroid and generic formulations were used to avoid expiration. The validity of our results is supported by our finding that in patients who had been treated previously with Synthroid, there was no difference in the serum TSH concentration at study entry and after 8 weeks of Synthroid, even though the Synthroid was presumably obtained from a different lot. Also, it was not possible to schedule study visits early in the morning in some patients for logistical reasons. Therefore, to minimize the effects of diurnal variation of TSH and time of L-T 4 administration, we scheduled all study visits for any one child within 2 hours of the same time of day. Although this resulted in some patients being sampled at the nadir and others at peak free T 4 levels, the serum T 4 concentration varies relatively little (13%) after a single daily dose, and each patient served as his/her own control, thereby minimizing this source of variability. A third potential limitation was the unequal randomization to brand-name vs generic formulation first. This, too, is unlikely to have affected results because the groups were well matched. Also, it should be noted that, because of the crossover design, all patients received both L-T 4 formulations and carryover effects would be expected to be negligible by design (Ͼ8 half-lives of drug). Indeed, we found no difference in results whether generic or brand-name was administered first.
In summary, we have demonstrated that a brand-name L-T 4 and an AB-rated generic formulation are not bio-equivalent in patients with severe CH, although the difference appeared to be less important for patients with acquired hypothyroidism, probably because they had more thyroid reserve. Until the pathophysiological consequences of these differences are known, it would seem prudent not to substitute L-T 4 formulations in patients with severe CH, particularly those Ͻ3 yr of age in view of the critical role of thyroid hormone on brain development at this age. Our findings may have implications for other vulnerable populations, particularly athyreotic patients in whom precise titration of L-T 4 is important, such as patients with thyroid carcinoma after thyroid ablation and the elderly.
